Microtubule (MT) and kinesin are rail and motor proteins that are involved in various moving events of eukaryotic cells in natural systems. In vitro, the sliding motion of microtubules (rail) can be reproduced on a kinesin (motor protein)-coated surface coupled with adenosine triphosphate (ATP) hydrolysis, which is called a "motility assay". Based on this technique, a method was recently established to form MT assemblies by an active self-organization (AcSA) process, in which MTs are crosslinked during a sliding motion on a kinesin-coated surface. Streptavidin (ST) was employed as glue to crosslink biotin-labeled MTs. Various shapes, sizes, and motilities were formed with the AcSA MT assemblies, depending on the initial conditions. In this paper, we briefly review our recent work on the formation of MT assemblies on a kinesin-coated surface.
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Introduction
As power units, biological actuators of living organisms have attractive features such as high-energy efficiency, flexibility, and a wide range of sizes that can be seen from bacterial flagella to muscles of animals, which differ from the power units of conventional man-made machines [ref. 1, 2] . These complex functionalities are accomplished by integrating, synchronizing, and controlling the nano-metric motion of motor proteins into hierarchical structures. However, in vitro reproduction of these high-ordered hierarchical structures remains challenging. In artificial systems, the motor protein mechanisms are progressively being elucidated at the molecular level for several motor proteins such as F 1 F 0 /ATPase, actin-myosin, and MT-kinesin systems [ref. [3] [4] [5] . Recently, investigation of motor protein mechanisms of action has been expanded to include several multi-molecular systems [ref. [6] [7] [8] [9] .
We have also investigated the integration of these motor proteins that possess their "moving"
property with an aim to show the motility of motor proteins as a larger actuator than nano-devices, which is addressed using motor proteins at the single molecular level.
Motor proteins can be categorized by their motions into two groups: rotating motors and linear motors [ref. 10] . The well-known rotating motors are bacterial flagellum and the mitochondrial F 1 F 0 -ATPase, which is driven by ATP hydrolysis. The linear motor protein systems actin-myosin and MT-kinesin have been widely studied and are involved in the control of movement in larger living organisms, including the organs of animals. In contrast, rotary motors are involved in small movement in mitochondria and smaller organisms such as bacteria. As such, linear motor proteins are promising systems to model multi-molecular integrated structures to investigate larger motions using linear rails that can interact with multiple motors. Actin-myosin or MT-kinesin (or dynein), which are well-known linear motor systems, has been proposed as the building blocks of ATP-fueled biomachines [ref. 7, [11] [12] [13] [14] [15] [16] [17] [18] .
In previous papers, we reported that large linear actin bundles show sliding motions on a myosin-coated surface in the presence of ATP. Actin bundles, which consist of several tens of filamentous actin, can be obtained through electrostatic interactions with synthetic polymers carrying positive charges [ref. [19] [20] [21] [22] [23] . The MT-kinesin system has also been used to form assemblies with unique properties. Recently, a method was developed to integrate MTs into bundle structures by crosslinking moving MTs on a kinesin-coated surface under the presence of adenosine triphosphate (ATP); MTs were covalently modified with biotins, which were partially covered with streptavidin (ST), such that two MTs could interact and form a bundle (Figure 2a ) [ref. 24] . In previous studies, we studied this system by systematically investigating the effects of various parameters such as the concentration of the kinesin "motor," ST "glue," and MT "assembly component," represented as C k , C ST , and C Tub , pg. 3 respectively, on the formation and motility of MT bundles. Although the assemblies of MTs are much more primitive compared to the hierarchical structure of actuators in natural systems, the process to form assemblies of motor protein systems is critical to mimic and study the natural system. This survey on MT assembly formation provides information to aid in the application of motor proteins, including the MT-kinesin and actin-myosin systems, as building blocks of ATP-fueled biomachines. 
Abbreviations

Preparation of tubulins and MTs
Traditionally, tubulin has been purified from porcine brain since the early 1970s by using ion-exchange chromatography [ref. 25, 26] . In the tubulin purification process, removal of microtubule-associated proteins (MAPs) is important, since their contamination strongly affects the polymerization of tubulins. MAPs can be removed from tubulins by using high-salt concentrations, which is a simplified method to obtain pure and highly active tubulins [ref. 27, 28] . Currently, tubulin and tubulins labeled with fluorescent probes are now commercially available.
In our experiments, tubulin was purified from porcine brain by using a 
Preparation of kinesin
Kinesins can also be purified from porcine brain by using a traditional method [ref. [33] [34] [35] .
Alternatively, recombinant kinesins can be purified from an E. coli expression system, which is in contrast to tubulins that cannot polymerize to MTs when the recombinant protein was prepared from an E. coli expression system [ref. 36] . For our studies, the first 560 amino acids of kinesin-1 were fused to the green fluorescent protein (K560-GFP), as described earlier by partially modifying the expression and purification methods [ref. 37] . The GFP moiety is designed to effectively immobilize K560-GFP to a glass surface by binding to anti-GFP antibodies.
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Microtubule polymerization
MTs for the in vitro motility assay were prepared by polymerizing tubulins with guanosine-5'-triphosphate (GTP) and stabilizing with paclitaxel, which is a MT-stabilizing agent [ref. 38] .
To obtain biotin-and rhodamine-labeled MTs, the mixture of biotin-tubulin, rhodamine-tubulin, and native tubulin (molar ratio of 45:10:45; final concentration was 24 µM) was used in the MT polymerization procedure. Based on the labeling ratio of biotin and rhodamine to tubulins, the final labeling ratio was calculated as 0.9 and 0.1 to tubulin
[mol/mol] for biotin and rhodamine, respectively.
In our experiments, MTs were polymerized using two different procedures. The first was a standard method in which tubulin (24 µM) was polymerized in a polymerization buffer nM. Diluted MTs were incubated at ~25°C until the preparations for the motility assays were complete, which generally took 0-24 h.
The second method of MT polymerization was used to obtain rigid MTs using guanylyl-(α, β)-methylene-diphosphonate (GMPCPP), which is a non-hydrolyzable GTP analogue, by using a reported method [ref. 39, 40] . In this procedure, tubulin (40 µM) was incubated in a GMPCPP-polymerization buffer that contains 1 mM GMPCPP (Jena Bioscience, Jena, Germany), instead of GTP, at 37˚C for 10 min. Then, the polymerized MTs, hereafter called "seed," were diluted 1000-fold in an elongation buffer containing fresh tubulins (1 μM) in the GMPCPP-polymerization buffer. The solution, which contained a total of 1.04 µM tubulin, was incubated for 4 h at 37˚C. Thereafter, the elongated MTs were diluted to 480 nM, which is indicated as the tubulin concentration, and were stored at room temperature until used for the MT motility assay. In this study, MTs polymerized with GMPCPP are called GMPCPP-MTs and those polymerized with GTP and stabilized with paclitaxel are called GTP-MTs.
pg. 6 One concentration (C k , C ST , or C Tub ) was varied to investigate the effects on MT assembly formation, while the others were fixed as C k = 63 nM, C ST = C Tub , and C Tub = 24 nM.
Motility assay setup and parameters
In the study of GMPCP-MTs, i.e., studying the effect of increased rigidity in MT, C Tub was kept at 240 nM; for comparative experiments, GTP-MTs were also used with C Tub = 240 nM.
Microscopic image capture
For motility assays, the MT should be labeled with as little fluorescent probe as possible to retain activity. A highly sensitive camera is desirable to capture the weak fluorescence image of the MTs.
In our experiments, rhodamine-labeled MTs were illuminated with a 100 W mercury lamp and visualized by epifluorescence microscopy using a PlanApo 60×/1.40 objective. The pg. 7
images were captured using an EM-CCD camera (Cascade II, Nippon Roper) connected to a computer. To capture a field of view for more than several minutes, ND filters were inserted into the illuminating light path of the fluorescent microscope to avoid photo-bleaching of the rhodamine-labeled MTs. The images were captured using Image Pro Plus 5.1J software (Media Cybernetics). Although the inner surface of the cover glass was observed through the glass, the captured images corresponded to those observed from the reverse side of the flow cell.
Image analysis for density measurements and motility analysis
Fluorescence microscopy images of MTs and MT bundles captured 15 min and 4 h after (or before) ATP addition were analyzed using Image Pro Plus 5.1J or Image J 1.44f [ref. [41] [42] [43] .
MT bundles were distinguished as segments that were obviously brighter than the other MTs. Small objects, whose lengths and widths were indistinguishable, were not counted. In cases where the MTs crossed each other, the lengths were measured as follows.
When MTs overlapped at a point, they were measured independently. When they overlapped lengthwise in a segment, longer MTs were measured as a single piece, and the others were measured only in the non-overlapping sections. In the case of ring-shaped MT bundles, the circumferential lengths of the bundles were measured. For MTs that were partially invisible at the end of the viewing field, only the visible parts were measured. The total contour lengths of MTs per field of view (135×135 μm 2 ) were measured manually and converted to the length per unit field. The total length of the MTs, including the MT bundles, per unit area was termed the "total sum length of the MTs (L total )," and the total length of only the MT bundles per unit area was termed the "total bundle length" (L bundle ). To calculate the individual length for the histogram and the average length, we excluded the MTs and MT bundles that were not entirely visible.
In this study, the mean velocities of the MT bundles were obtained from those showing sliding motion. MT bundles that did not show sliding motion were excluded from the calculation of the mean velocities.
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Results and Discussion
Integration of the gliding MTs
The schema of the procedure used to perform active self-organization (AcSA) of MT bundles is shown in Figure 1 . AcSA was started by adding ATP to the system. Figure 2a shows a conceptual model of the AcSA system of MT bundles in which MTs are crosslinked by the ST-biotin interaction during the sliding motion on a kinesin-coated surface. This bundling event was confirmed by observing the sequential images of florescence microscopy driven by ATP hydrolysis (Figure 2b ).
Although the bundling event was infrequent among the encountering MTs, the pattern of bundled MTs after several hours of AcSA were obviously different from the initial state (15 min after ATP addition) (Figure 3a) . From this observation, the time point of 4 h after AcSA was considered as the matured phase for bundle formation, since bundle formation was confirmed by an increase in MT fluorescence intensity.
MTs with increased rigidity can be prepared by polymerizing tubulins with guanylyl-(α, β)-methylene-diphosphonate (GMPCPP). Compared to the normal MTs, which were prepared by polymerizing with GTP and stabilizing with paclitaxel, the GMPCPP-polymerized MTs (GMPCPP-MTs) have ca. 2-fold higher flexural rigidity [ref. 40, 41] . Using GMPCPP-MTs, the MT bundles were successfully formed. In contrast to the serpentine shape of the MT bundles composed of paclitaxel-stabilized GTP-MTs, GMPCPP-MTs as well as their bundles were straight for several tens of micrometers (Figure 3d-f) .
To clarify the effect of the initial conditions of AcSA on the size, amount, and motility of the MT bundles, we examined the concentration of the components (kinesin, ST, and MT) and rigidity of the MTs.
Length and density of MT bundles
Effect of C k
First, we studied the effect of C k on AcSA when C ST (9.6 nM) and C Tub (9.6 nM) were kept constant. At C k values of 0.63, 6.3, and 63 nM, the density of the MTs (L total ) before starting AcSA were 6.3, 9.1, and 13.2 mm -1 , respectively, while the average lengths of the MTs were 6.0 ± 4.8 (n = 177), 6.6 ± 5.3 (n = 236), and 7.2 ± 5.9 µm (n = 286), respectively ( Figure 4b ). The higher kinesin density enabled to bind longer MTs against the flow during pg. 9 preparation. After running AcSA, the amount of MTs and MT bundles was measured ( Figure   4b ). After 4 h of AcSA, L bundle at a C k of 63 nM was higher than that at a C k of 6.3 nM, while no distinct trend was observed 15 min after ATP addition. At a C k of 0.63 nM, the MTs did not move and AcSA did not progress. After 4 h of ATP addition, the fraction of MT bundles increased to 46% and 39% at C k values of 6.3 and 63 nM, respectively, although the fraction of MT bundles was only 3% at a C k of 0.63 nM. These data indicate the significance of MT movement for AcSA. In comparison to the number of short MTs at a higher kinesin density (C k of 63 nM), a lower kinesin density (C k of 6.3 nM) could also lead to fewer short MTs at 4 h, as shown in Figure 4b . Thus, to obtain greater amounts of motile MT bundles, a high C k is required, although MT bundles can be formed even at a low C k , (6.3 nM). Diehl et al.
reported that multimerized kinesin on a glass surface shows higher MT-driving activity. Using multimerized kinesins with higher driving activity, MT bundles might be produced effectively
Effect of C ST
The average lengths of the MTs on the kinesins before starting AcSA were insensitive 
Rigidity of MTs on MT bundle formation
Using rigid microtubules (GMPCPP-MTs), large, straight MT bundles were selectively obtained by AcSA. The average length of the GMPCPP-MTs before starting AcSA was 12.9 ± pg. 11
Motility
MT bundles as candidates for biomachines are of great interest due to their motility.
We investigated the motion of MT bundles at various concentrations (C k , C ST, or C Tub ) and the rigidity of MTs in AcSA. In Figure 5a , motilities of the MTs and MT bundles after 4 h of AcSA at different C k values are shown. Only 50% of the MTs and MT bundles were moving at a C k of 6.3 nM, whereas 90% of these were still actively moving at a higher C k (63 nM). Figure 5b shows ), presumably because of the consumption of ATP during 12 h of AcSA and ST labeling caused steric hindrance.
Handedness of the structures and motions
Since the ring-shaped MT bundles were rotating counterclockwise (CCW) or clockwise (CW), we investigated the distribution of the rotating directions. Surprisingly, the number of rings rotating CCW was always more than that of the rings rotating CW under various conditions. Indeed, majority of MTs were 14 PFs that should have a left-handed supertwist arrangement, according to previous reports [ref. [45] [46] [47] . In a previous report, we proposed a mechanistic model to cause CCW rotational motion from a left-handed helical structure, since kinesin is known to follow the path of the PFs, i.e., the helical structure of the MTs. From these results and interpretations, the ring-shaped MT bundles could have handedness in the structure and the motion, harnessing the original structure of the MTs.
The best conditions for motile MT bundles
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To produce motile MT bundles with GTP-MTs, a higher C k was favorable in the C k range of 0-63 nM. Moreover, at the highest C k (63 nM), there was an optimum C ST /C Tub of approximately 1 mol/mol at which the AcSA process occurred effectively. We also found that a higher C Tub effectively produced a longer MT bundle, which was confirmed by the MT bundle fraction. However, there was an optimum C Tub of approximately 48 nM that produced MT bundles with the ability to move.
To discuss the effects of C ST For the case of GMPCPP-MTs, the bundles were much more motile than those of the GTP-MTs. From the highly motile property of these bundles, it was suggested that there could be a highly ordered structure with unipolarity.
Conclusions
In this paper, we summarized our recent studies on active self-organization of MTs.
In our series of studies, it was found that motile MT assemblies that are linear or ring shaped could be obtained by tuning the initial conditions. Motor proteins have been proposed as the pg. 17 pg. 19 pg. 20 
